The quality of product pellets is a result of the physico-chemical phenomena involved in the induration process. Sintering is the primary phenomenon, and its degree or extent contributes substantially to the evolution of the metallurgical and mechanical properties of a pellet. During the induration of magnetite pellets, sintering proceeds through the oxidized and non-oxidized magnetite phases. Sintering of these phases has been previously studied on a single pellet at the macroscopic scale using an optical dilatometer. A deeper understanding requires corroboration of these studies through characterization at the microscopic scale. In the present work, the observations recorded at the microscopic scale are quantified using image processing techniques to correlate them to the macroscopic measurements. Distance transformation, which is an image processing principle, is adapted in a novel way to digitize the microstructures and to determine the degree of sintering in a pellet quantitatively. This methodology has potential applications as a generic tool to follow the sintering phenomenon and process kinetics at any stage during induration.
Introduction
Pelletization is a vital process in the mineral and metallurgical industries to minimize dust and particulate emissions into the atmosphere and achieve compliance with regulations enacted by various international environmental regulatory agencies. [1] [2] [3] During pelletization, ultra-fine-sized ore is agglomerated and indurated to make the process sustainable considering the scarcity of high-grade (size and chemistry) mineral resources (ores). [4, 5] In Sweden, there are rich deposits of iron ore in the form of magnetite. LuossavaaraKiirunavaara Aktiebolag (LKAB) is one of the premier pellet producers in the world and operates in Malmberget and Kiruna. During pelletization, the mine ore is crushed to a fine size (<3 mm), magnetically separated from the gangue and ground to an ultra-fine size (<150 μm). The finely ground ore is then balled into spherical pellets (10-12.5 mm diameter) with the addition of optimum amounts of moisture and additives such as binder and flux. Thereafter, the green pellets are fired (heat hardened) under an oxidizing atmosphere inside an induration furnace (straight grate or rotary kiln) to temperatures of approximately 1573 K. Afterward, the fired pellets are cooled, stored, and transported to customers for further processing. [6] A magnetite pellet undergoes oxidation initially and sintering at relatively higher temperatures (>1073 K). Sintering is responsible for imparting the pellets with adequate mechanical strength and metallurgical properties.
[1, [7] [8] [9] [10] [11] Therefore, the sintering phenomenon must be investigated and understood to enable the design of the optimum thermal profile for consistently producing good-quality pellets. Because sintering is preceded by oxidation, a magnetite pellet often transforms into oxidized magnetite (hematite), remains as non-oxidized magnetite (magnetite) or transforms into a mix of the two prior to the initiation of sintering. The difference in sinterablity of both of these phases at high temperatures results in different sintering behavior. To account for these factors, researchers have investigated sintering macroscopically using optical dilatometry for oxidized and non-oxidized magnetite pellets. [13, 14] Isothermal sintering studies have been performed to estimate the kinetic parameters and predict the respective sintering behavior. Establishing the physical significance of the findings on a macroscopic scale requires their substantiation on the microscopic scale and the development of a correlation.
The microstructural features of pellets often provide insights into their corresponding metallurgical and mechanical properties. Most of these properties, including the cold crushing strength, high-temperature strength, reducibility, and extent of reaction are primarily the result of the sintering degree (bonding), phase content and distribution, porosity, and the pore size distribution in the pellets. [7] [8] [9] [10] [11] [12] [15] [16] [17] [18] [19] [20] [21] [22] [23] Digitization of microstructural images enables the quantification of many of these features and further correlates the pellet properties empirically with the aid of reactor scale and statistical models. [20, [24] [25] [26] [27] [28] [29] [30] [31] [32] Models and software packages have been developed to determine features such as phase quantification and pore size distribution from microstructures, whereas none have been developed to determine the sintering degree. Therefore, the objective of this study is to estimate the sintering degree quantitatively by inspecting the optical microstructures of pellets sintered at different isothermal temperatures and to correlate these results with the macroscopically observed features. In the future, the goal is to relate the sintering degree to the other aforementioned features to evaluate the pellet quality with the aid of models developed using extensive experimentation.
According to the two-particle sintering theory, the sintering degree estimated from the microstructures can be defined as the ratio of neck thickness X ð Þ to the interparticle distance D ð Þ between two spherical particles, as mentioned in Equation 1 [33, 34] :
When the two particles adhere or begin to sinter with each other, the neck thickness X increases and the interparticle distance D between them decreases. This behavior results in an increase of the X=D ratio as the sintering between particles proceeds by adhesion, neck formation, and bond formation, as shown schematically in Figure 1 . This behavior implies that sintering is accompanied by a decrease in perimeter, which warrants evaluation of the perimeter of the two spherical particles sintered together using an image analysis method, as depicted in Figure 1 . This feature decrease in perimeter as sintering progresses forms the basis for the estimation of the sintering degree γ from the microstructures. Distance transform, which is an image processing principle, has been used in a novel way with pellet microstructures for this purpose. [35] The distance transform is an operator that transforms the binary input image such that the gray level intensities of points inside the foreground regions are transformed to show the distance to the closest boundary from each point, as shown in Figure 2 . [36] Distance transform applied to pellet microstructures computes the perimeter of the sintered particles at each pixel distance from the edge of a particle inwards. This approach provides the shortest pixel distance to the edge of a particle as the measure of the sintering extent, which measures the size of the sintered particles. Subsequently, a histogram is generated that provides the pellet particle size distribution. If the number of sintered (larger) particles in the pellet is greater than what is observed in a green pellet, the extent of sintering is greater, and vice-versa. Schematic of the distance transformation of a binary image outlining the perimeter at each pixel layer (red À 1 pixel and blue À 2 pixels distance from surface). [36] www.advancedsciencenews.com www.steel-research.de steel research int. 2017, 1700366
Characterization Methods

Raw Material
The particle size distribution of the concentrate used in this study to prepare the pellets was targeted to have fineness of 65 wt %; it was passed through 45 μm screens and exhibited a specific surface area of %9900 cm 2 cm À3 (Blaine No. ¼ 1930 cm 2 g-1 ) when measured using a Brunauer-Emmett-Teller (BET) surface area analyzer.
Macroscopic Analysis-Optical Dilatometer
Measurement of Shrinkage and Sintering Degree of Pellet
Sintering of the pellets or porous compacts is accompanied by volumetric shrinkage when the sintering is carried out at high temperatures. Optical dilatometry, which is based on the principle of light optics, was used for this purpose, as described in previous studies. [13, 14] In optical dilatometry, shadow images are captured continuously and subsequently used to measure the shrinkage of the pellet and the sintering degree for a given thermal profile.
Microscopic Analysis-Optical Microstructures
Sample Preparation
A total of 16 samples were investigated in the current study. The green pellet was dried in an oven at 423 K overnight prior to being mounted and polished. The sintering behavior of oxidized and non-oxidized magnetite pellets exposed to the different thermal profiles mentioned in Table 1 were studied previously at the macroscopic scale. [13, 14] Thereafter, the same pellets were investigated microscopically in this study. The pellets were cut into half by using a diamond saw and then cold mounted in epoxy, vacuum impregnated, and polished to a fineness of 1 μm with diamond paste to attain a flat reflecting pellet surface for microscopic examination.
Acquisition and Processing of the Microstructural Images
The microstructure of the pellet across the entire cross section area was acquired for further digitization and quantification. An optical microscope (Zeiss Imager M2m, Germany) equipped with a mechanized movable stage and image analysis software from AxioVision was used for this purpose. [37] The epoxymounted polished pellet sample was placed at the center of the microscope stage. The stage was then programmed to move over a desired scan area (5 Â 5 μm 2 for each image at a magnification 
. Illumination Correction and Stitching
Because the illumination in microscopes is uneven (the intensity is slightly greater at the center), the images must be corrected to avoid a checkered appearance when stitched together. The illumination level was estimated from more than 15 images corresponding to the epoxy portion via median filtering. A median for all the filtered images was then calculated and used to normalize the entire image data set. Thereafter, the images were filtered and processed for illumination correction and then stitched together, [38] as shown in Figure 3 .
Pixel Classification
The images were classified and segmented using the Ilastik, [39] which uses a filter bank to process the images. The filters were designed to enhance edges, extract texture, and color/intensity information. The filters extract information about each pixel and its surroundings. This information is then used by the classifier to classify the pixels into different groups: hematite, magnetite, pores, gangue, and epoxy. The segmentation was refined by selecting more pixels so that the classifier could train until satisfactory segmentation was achieved. The training was performed on a subset of images in the data set prior to the classifier being applied to the entire data set. The output of the classifier was an image in which each pixel was labeled with a number corresponding to one of the defined classes.
Binary Mask and Distance Transform
From the output of the classifier, binary masks were created for each class by assigning pixels with the selected class to one (1) and all other pixels to zero (0). This procedure was carried out for the two primary classes to create binary masks for areas corresponding to hematite and magnetite, respectively. Because the pellet was surrounded by epoxy in all the samples, the epoxy class was used to delineate the area corresponding to the pellet and to create a binary mask of the pellet. A hole-filling algorithm was used to create a binary mask of the solid pellet (Figure 4a) , where the pores were removed from the interior of the pellet, as shown in Figure 4b . [40] The distance transform for the binary mask of the pellet was computed, as shown in Figure 4c ; a histogram of the distance map gives the number of pixels for every pixel distance from the edge of the pellet. Because the spherical shape of the pellet results in more pixels with a shorter distance to the edge of the pellet, the ratio of each class for every distance was calculated by normalizing to the histogram from the unmasked distance map.
Evaluation of the Sintering Degree from Optically Recorded Microstructures
When the pellet was exposed to a thermal profile, the smaller particles coalesced together to form larger particles via bond formation. The histogram constructed from the distance map contains information on the extent or thickness of the bonds that form, which, in turn, provides the size of the sintered particles, which is used as a measure of the extent of sintering. In this context, the ratio of the cumulative fraction of sintered particles in thermally treated pellets to that of the green pellet is termed the sintering degree, as defined in Equation) [35] :
SinteringDegree γ ð Þ ¼ Cum: fractionof sintered particles in thermally treated pellet Cum: fraction of particles in green pellet Â 100 ð2Þ 3. Results and Discussion
Optical Microstructures
Optical microstructures of the entire pellet (mosaic optical microstructures) were acquired and inspected for all the pellets considered in the study. For brevity and clarity, a thin strip of the microstructure from each of the mosaic optical images is presented in Figure 5 .
For both oxidized and non-oxidized magnetite pellets, an increase was observed in the extent of sintering with temperature, with the green pellet as the reference sample. This result was expected and consistent with the theoretical understanding of the sintering phenomenon.
[1, 34, 41] This result, therefore, substantiates the approach adapted in this study to process the mosaic optical microstructures to estimate the sintering degree quantitatively. 
Microscopic Particle Size Distribution
The histograms from the distance transform performed on the mosaic optical microstructures for the oxidized and non-oxidized magnetite sintered pellets at different temperatures, along with that from the green pellet, are shown in Figure 6 . The percentages shown in Figure 6 represent number fractions, which differ substantially from volume fractions, which were obtained from a laser particle size analyzer. The particles in the size range from 0.32 to 4.85 mm constitute approximately 80% (the number fraction that considers particle sizes larger than 0.32 mm) in the pellets and are expected to contribute significantly to the overall sintering degree. In the later part of the discussion, this contribution becomes evident from the results. Figure 6 shows that the green pellet had a higher fraction of small particles, whereas the fraction of smaller particles decreased and the fraction of larger particles increased as the sintering temperature was increased from 1173/1423 to 1623 K. The approximate particle size was identified, where the variations in the fraction of particles between the green pellet and all of the sintered pellets was minimized. A particle size of 0.97 μm (3-pixel distance) was identified in this study and was considered a pivot between sintered and non-sintered particles. This result was consistent for both oxidized and non-oxidized magnetite in the sintered pellets across the range of investigated temperatures. Therefore, particles smaller than 0.97 μm were assumed to participate in the sintering and to agglomerate to form strongly bonded larger particles in the pellet. However, particles larger than 4.85 μm (15-pixel distance) constituted only approximately 20% of the particles in the pellets and had a smaller surface area over which sintering could occur. This smaller surface area resulted in their contribution to sintering bond formation being insignificant compared with that of smaller particles (<4.85 μm). Thus, in this study, the size of the particles in the pellets after sintering varied in the range from 0.97 to 4.85 μm.
Microscopic Sintering Degree
From the above considerations, Equation 2 was rearranged to estimate the sintering degree by evaluating the relative increase in the number of particles in the size range from 0.97 to 4.85 μm in the sintered pellets with respect to the corresponding number in the green pellet, as mentioned in Equation 3:
The microscopically estimated sintering degree from Equation 3 was compared with that estimated by optical dilatometry, as detailed in Table 2 . This comparison yields a multiplication factor (MF), that is, specific to the pellet type. The average MF for oxidized magnetite and non-oxidized magnetite pellets was 2.2 and 3, respectively. That is, MF correlates the sintering degree estimated at two scales: microscopically over the cross-sectional area of a pellet and macroscopically from the volumetric proportions of the pellet. It is to be noted that MF is specific to the material and should be evaluated by macro-and microscopic sintering investigations for a particular material.
Incorporating the respective MF in Equation 3 , the microscopic sintering degrees for both pellet groups at different isothermal sintering temperatures were compared with the data from the optical dilatometer, as shown in Figure 7 . The profiles of sintering progress with temperature were in fair agreement for both oxidized and non-oxidized pellets. However, a slight This methodology of quantifying microstructural images to estimate sintering degree is a step toward understanding and monitoring the sintering behavior more comprehensively in a semi-automated manner. This methodology can further be utilized to determine the process kinetics parameters using the isothermal power law and the Arrhenius equation, as described in previous studies. [13, 14] Because sintering is the last stage during the induration process, it widely determines the final properties of the pellet. Notably, the pixel classification module has also improved the efficiency of phase classification and its distribution. [35] Therefore, quantitative estimation of sintering behavior and process kinetics in conjunction with the phase classification and pore size distribution might be further helpful in correlating pellet properties. After the methodology is further fine-tuned and validated over several types of pellets, the development of an online module in future can be planned to evaluate pellet quality during induration. This approach can serve as an additional tool for optimizing the process and operational parameters depending on the desired pellet quality.
Conclusions
A methodology to establish a correlation between the macroscopic and microscopic features present during the sintering phenomena in pellets (porous powder compacts). In this context, two phases occurring during magnetite pellet induration, oxidized and non-oxidized magnetite, were characterized independently for the sintering degree at both the macroscopic and microscopic scales. Optical dilatometry was used for the macroscopic measurements, and the microscopic measurements were performed by quantifying the optical microstructures using advanced image analysis modules. The distance transform principle was used in a novel way on the mosaic optical microstructures taken from the sintered pellets. As the sintering temperature was increased, the fraction of smaller particles decreased and the fraction of larger particles increased. The pivotal particle size was found to be <0.97 μm in this study. The sintering degree was estimated from the resulting histogram of the particle size distribution. A semi-empirical correlation between the macroscopic and microscopic sintering degree was derived. The multiplication factor (MF) for the oxidized and non-oxidized magnetite pellets considered in the current study was 2.2 and 3, respectively. The microscopic sintering degree of the respective pellets and the trends with temperature were consistent with those obtained from macroscopic investigations. This enabled tracking of the sintering profile of the pellets and the process kinetics at any stage during induration. In the future, this method could be further extended to correlate the pellet quality (mechanical and metallurgical properties) and develop an online tool to assist in optimizing the process and operational parameters.
